INTRODUCTION
============

Although oral phosphodiesterase (PDE)-5 inhibitors are generally an effective and well-tolerated treatment modality for patients with erectile dysfunction (ED), PDE-5 therapy cannot cure the underlying disorder in the corpus cavernosum and has limitations such as reduced efficacy in patients with diabetes or radical prostatectomy, lack of spontaneity of the sexual act, and a contraindication in those who take nitrates \[[@B1],[@B2],[@B3],[@B4],[@B5]\].

Gene therapy was introduced in the field of ED in the late 1990s with various therapeutic genes. However, most of these studies remain at a preclinical level, even though the preclinical results are promising \[[@B6],[@B7],[@B8],[@B9]\]. Despite the well-known safety of plasmid DNA as a gene delivery vector in humans \[[@B10]\], the extremely low transfection efficiency greatly limits its clinical application \[[@B11]\]. Viral vectors exert high gene transfer efficiency but have many drawbacks including systemic toxicity, induction of host immune responses, and possible integration into the host genome \[[@B12],[@B13]\]. These obstacles have led to the development of new gene delivery methods, such as electroporation-, ultrasound-, and polymer-mediated gene transfer techniques \[[@B14]\].

Electroporation technology has emerged as a simple, nontoxic, safe, and effective method for delivering foreign genes into target cells or tissues \[[@B15],[@B16],[@B17]\]. A transient and reversible increase in cell membrane permeability with local delivery of electrical pulses to target cells by using electrodes is a major mechanism for electroporation-mediated enhanced gene delivery. In preclinical experiments, *in vivo* electroporation has been shown to significantly enhance gene transfer efficiency while maintaining the safety properties of plasmid DNA \[[@B18]\]. The phase I clinical trial of electroporation-mediated delivery of interleukin-12 plasmid with dose escalation in patients with metastatic melanoma showed the technique to be safe, effective, and reproducible \[[@B19]\]. A DNA vaccine against the hepatitis B virus delivered by *in vivo* electroporation was also shown to be effective in patients with chronic hepatitis B \[[@B20]\].

In the ED field, however, electroporation-mediated gene delivery is in its infancy. Electroporation has been applied to deliver adenovirus encoding neuronal nitric oxide synthase into penis *in vivo* \[[@B21]\]. Those authors used a single electroporation parameter (100 V, 8 pulses with a duration of 40 ms, and 1 second between pulses). It was reported that electroporation of skeletal muscle induces myofiber damage and a transient decrease in contractile function \[[@B22]\]. Because the electroporation threshold may differ between cell types and tissues, this threshold should be determined for specific cells or tissues. Parameters of the electrical pulses used for electroporation also affect the initial steps of plasmid gene translocation through the plasma membrane by regulating membrane permeability and are the key factor in determining transfection efficiency \[[@B18]\]. However, optimal electroporation conditions for delivering plasmid DNA into the corpus cavernosum and the adverse effects of electroporation on the erectile tissue have not yet been documented in detail.

In the present study, we determined electroporation-mediated transfection efficiency by using reporter genes in different stimulation settings in normal or diabetic mice *in vivo*. We used a surface-type plate platinum electrode rather than a needle-type electrode to deliver electrical pulses into the erectile tissue because the plate electrode may reduce electroporation-related pain in the clinical situation. We also examined gross and microscopic changes after electroporation.

MATERIALS AND METHODS
=====================

1. Preparation of plasmids
--------------------------

pCMV-Luc was purchased from Promega (Madison, WI, USA) and was introduced into *Escherichia coli* strain JM109 (Promega) and purified by use of QIAfilter Plasmids Giga Kits (Qiagen, Valencia, CA, USA). The purity of the plasmids was certified by measuring the OD~260~/OD~280~ ratio. The concentration of plasmid DNA was determined by using 1 (OD~260~)=50 µg of DNA. Plasmids were stored at -20℃ until used.

2. Animals and *in vivo* electroporation
----------------------------------------

Specific pathogen-free C57BL/6 mice were purchased from Orient Bio (Seongnam, Korea) and bred in our pathogen-free animal facility. Four-month-old male mice were used in this study. The experiments were approved by the Institutional Animal Care and Use Subcommittee of our university. The mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) intramuscularly and placed on a thermoregulated surgical table. With the use of sterile technique, the penile skin was incised and the tunica albuginea was exposed. The pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum. Immediately after plasmid DNA injection, square wave-pulse electroporation (ECM 830, Harvard Apparatus, Holliston, MA, USA) was delivered to the injection sites by using two parallel 3-mm plate platinum electrodes (Tweezertrodes, Harvard Apparatus). To determine the optimal *in vivo* electroporation-mediated gene delivery condition into the corpus cavernosum, different electroporation conditions were set at 5-50 V, 8-16 pulses with a duration of 40-100 ms, and 1 second between pulses. We compressed the penis at the base with an elastic band immediately before injection, and the compression was maintained for 30 minutes after injection to minimize blood drainage via the dorsal veins. This maneuver has been shown to increase gene transfection efficiency \[[@B23]\]. The incision was closed with 6-0 Vicryl (polyglactin 910) sutures. At 3 days after injection, the penis was harvested and gene expression was measured by luciferase assay.

On the basis of these initial results, we also examined the efficacy of electroporation-mediated gene delivery into the penis in diabetic mice, in which diabetes was induced in 2-month-old male mice by intraperitoneal injections of streptozotocin (50 mg/kg) for 5 days consecutively as previously described \[[@B24]\]. At 8 weeks after the induction of diabetes, pCMV-Luc (100 µg/40 µL) was injected into the corpus cavernosum of diabetic mice. Fasting and postprandial blood glucose levels were determined with an Accu-Check blood glucose meter (Roche Diagnostic, Mannheim, Germany) before the mice were sacrificed.

3. Luciferase assay
-------------------

For the *in vivo* luciferase assay, the corpus cavernosum tissues were quick-frozen in liquid nitrogen. The tissues were homogenized in 200 µL of 1× reporter lysis buffer (Promega). After incubation for 30 minutes at room temperature, the homogenates were centrifuged at 11,000 rpm for 10 minutes. The lysates were transferred to fresh tubes. The protein concentrations of the extracts were determined by using a PRO-MEASURE kit (iNtRON Biotechnology Inc., Seongnam, Korea). An amount of 100 µL of the luciferase assay reagents (Promega) was dispensed into luminometer tubes. Then 50 µL of the lysates were added to a luminometer tube containing the luciferase assay reagent, and the tubes were briefly mixed by vortexing. The luminometer was programmed to perform a 3-second measurement delay followed by a 10-second measurement read for luciferase activity. Luciferase activity was measured in terms of relative light units (RLUs) by using a luminometer (Turner BioSystems, Sunnyvale, CA, USA). The final values of luciferase were reported in terms of RLU/mg total protein.

4. Gross and microscopic examinations of the penis after electroporation
------------------------------------------------------------------------

To determine the undesired consequences of electroporation, the penis was carefully inspected. A midportion of each penile segment was harvested and immediately fixed in 10% formalin phosphate-buffered solution before paraffin embedding. The specimens were stained with hematoxylin-eosin (H&E).

5. Measurement of erectile function
-----------------------------------

Intracavernous pressure (ICP) and systemic blood pressure were measured during electrical stimulation of the cavernous nerve as previously described \[[@B24]\]. Bipolar platinum wire electrodes were placed around the cavernous nerve. Stimulation parameters were 5 V at a frequency of 12 Hz, a pulse width of 1 ms, and a duration of 1 minute. During tumescence, the maximal ICP was recorded. The total ICP was determined by the area under the curve from the beginning of cavernous nerve stimulation to a point 20 seconds after stimulus termination. Systemic blood pressure was measured by using a noninvasive tail-cuff system (Visitech systems, Apex, NC, USA). The ratios of maximal ICP and total ICP (area under the curve) to mean systolic blood pressure (MSBP) were calculated to adjust for variations in systemic blood pressure.

6. Statistical analysis
-----------------------

Results are expressed as means±standard deviations. The group comparisons of parametric data were made by one-way analysis of variance followed by Newman-Keuls *post hoc* tests. We used Mann-Whitney U tests or Kruskal-Wallis tests for nonparametric data. We performed statistical analysis with SigmaStat 3.5 software (Systat Software Inc., Richmond, CA, USA). We tested the data for normality and variance. P values less than 5% were considered significant.

RESULTS
=======

1. *In vivo* electroporation-mediated transfection efficiency to the corpus cavernosum of normal mice
-----------------------------------------------------------------------------------------------------

Immediately after injection of pCMV-Luc (100 µg/40 µL) into the corpus cavernosum of normal mice, each animal received electroporation of the injection sites with eight 40-ms pulses at voltages of 5, 10, 30, or 50 V. Electroporation profoundly induced gene expression in the corpus cavernosum tissue of normal mice in a voltage-dependent manner. At voltages of 30 and 50 V, gene expression was significantly higher in the normal mice that received electroporation than in those treated with pCMV-Luc alone. The highest gene expression was noted in the mice stimulated at 50 V ([Fig. 1](#F1){ref-type="fig"}).

We further determined transfection efficiency at different electroporation settings: eight 40-ms pulses, sixteen 40-ms pulses, eight 100-ms pulses, and sixteen 100-ms pulses at a voltage of 30 V. We observed significantly higher gene expression in the mice stimulated with sixteen 40-ms pulses and eight 100-ms pulses than in those stimulated with eight 40-ms pulses ([Fig. 2](#F2){ref-type="fig"}).

Undesired consequences of electroporation were determined by gross inspection of the stimulated area and by H&E staining. We found an extensive electrical burn scar in the penis of mice that received electroporation with eight 40-ms pulses at a voltage of 50 V. Some degree of burn scarring was noted in the penis of mice stimulated with sixteen 40-ms pulses, eight 100-ms pulses, and sixteen 100-ms pulses at a voltage of 30 V. No detectable burn scarring was noted in mice stimulated with eight 40-ms pulses at a voltage of 20 or 30 V ([Fig. 3](#F3){ref-type="fig"}). Thus, electroporation-mediated target organ damage may occur in proportion to the intensity, duration, and frequency of the electrical pulse. H&E staining revealed an area of extensive fibrosis in the corpus cavernosum of normal mice that received electroporation at 50 V ([Fig. 4](#F4){ref-type="fig"}).

These findings suggest that eight 40-ms pulses at a voltage of 30 V is the optimal *in vivo* electroporation condition into the corpus cavernosum, which induces good transfection efficiency with no adverse events related to electroporation.

2. *In vivo* electroporation-mediated transfection efficiency to the corpus cavernosum of diabetic mice
-------------------------------------------------------------------------------------------------------

We also examined electroporation-mediated transfection efficiency in streptozotocin-induced diabetic mice. At 8 weeks after the induction of diabetes, pCMV-Luc (100 µg/40 µL) was injected into the corpus cavernosum of diabetic mice. The animals then received electroporation at the injection sites with eight 40-ms pulses at a voltage of 30 V. Similar to the results in normal mice, electroporation significantly increased gene expression in the corpus cavernosum of diabetic mice compared with that in mice treated with pCMV-Luc alone ([Fig. 5A](#F5){ref-type="fig"}). Also, no observable burn scarring was noted at this electroporation setting ([Fig. 5B](#F5){ref-type="fig"}). Fasting and postprandial blood glucose concentrations were significantly higher in the diabetic mice than in the controls (fasting glucose, 396.5±49 mg/dL vs. 106.3±13.9 mg/dL; postprandial glucose, 550.8±14.0 mg/dL vs. 136.3±5.45 mg/dL, p\<0.01, respectively). The ratios of maximal ICP and total ICP to MSBP were significantly lower in the diabetic mice than in the controls (maximal ICP/MSBP, 0.29±0.03 vs. 0.56±0.01; total ICP/MSBP, 14.4±1.5 vs. 31.2±0.8; p\<0.01, respectively).

DISCUSSION
==========

The main observation of the present study was that *in vivo* electroporation profoundly enhanced the gene transfer efficiency of plasmid DNA in the corpus cavernosum in proportion to the intensity of the electrical pulse. However, we also observed damage to the erectile tissue as a result of the electroporation: the higher the intensity, duration, and frequency of the electrical pulse, the higher the possibility of target organ damage.

Some authors have shown that short-duration high-voltage pulses result in efficient DNA transfer \[[@B25]\], whereas others have suggested that longer intermediate-voltage pulses result in more efficient gene transfer \[[@B26]\]. The results of our study make clear that both voltage and duration of the electrical pulse affect the transfection efficiency. However, we must consider the tissue damage produced by electroporation in experimental settings when we apply this technique. Although the highest gene expression was noted at a voltage of 50 V with eight 40-ms pulses, we also observed critical burn scarring and necrosis of the penis at this stimulation parameter. Furthermore, an increase in frequency or duration of the electrical pulse also induced damage to the penis even at the same voltage (30 V). Specifically, we observed some degree of burn scarring in the penis of mice stimulated at sixteen 40-ms or eight 100-ms pulses but not at eight 40-ms pulses. In a phase I trial of electroporation-mediated delivery of interleukin-12 plasmid in patients with metastatic melanoma, there were no serious adverse events related to electroporation \[[@B19]\]. Most patients experienced pain during electroporation but it was transient and modest. The authors reported that topical application of 1% lidocaine was effective for minimizing pain \[[@B19]\].

Besides the parameters of the electrical pulses used for electroporation, it is also important to determine which type of electrode is ideal for electroporation-mediated gene delivery into the corpus cavernosum. In the present study, we applied a surface-type plate platinum electrode to penile skin to deliver electrical pulses into the underlying cavernous tissue. Further studies are needed to test whether direct application of electrical pulses into the corpus cavernosum by use of a needle-type electrode would result in different transfection efficiency or a different safety profile.

Functional and structural derangements in cavernous vasculature are one of the most important mechanisms involved in the pathogenesis of ED from vascular risk factors \[[@B27]\]. Recently, much attention has focused on therapeutic angiogenesis to recover cavernous angiopathy and to restore erectile function by using a variety of proangiogenic genes at a preclinical level \[[@B27]\]. A previous study reported that *in vivo* electroporation-mediated delivery of hypoxia-inducible factor-1α plasmid DNA significantly improves perfusion through increased capillary density and collateral vessel formation in the hind limb of mice compared with mice that received plasmid DNA alone \[[@B28]\]. Electroporation-mediated gene delivery of proangiogenic factors, such as fibroblast growth factor-2, vascular endothelial growth factor, and hepatocyte growth factor, have also demonstrated efficacy in a mouse model of hind limb ischemia \[[@B29],[@B30]\], which further reinforces the usefulness of electroporation in gene delivery for therapeutic angiogenesis. Therefore, it is worthwhile to apply the electroporation technique in the field of ED with a target of therapeutic angiogenesis. Further studies are necessary to determine whether electroporation-mediated delivery of therapeutic plasmid genes can achieve better clinical outcomes than does conventional plasmid or virus-mediated gene therapy. A lack of study showing the long-term time course of gene transfection efficiency or electroporation-mediated adverse events with the use of a therapeutic gene is a limitation of this study.

With regard to determining specific aspects of an electroporation protocol, including transfection efficiency and adverse tissue damage, our study may provide important practical information for electroporation-mediated gene therapy in the field of ED. Electroporation-mediated gene therapy lacks the efficacy concerns or biohazard considerations implicit in plasmid or viral vectors. Moreover, our protocol will be useful in future refinement of electroporation-mediated gene delivery protocols for the corpus cavernosum.

CONCLUSIONS
===========

We have established the optimal electroporation conditions for maximizing gene transfer into the corpus cavernosum of mice while avoiding damage to the erectile tissue. Our results suggest that electroporation with eight 40-ms pulses at a voltage of 30 V is not injurious to the penis and is an optimal *in vivo* electroporation parameter in the corpus cavernosum of mice. The electroporation-mediated gene delivery technique will be a valuable tool for gene therapy in the field of ED.
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![Luciferase expression driven by pCMV-Luc with electroporation (EP) in the corpus cavernosum of normal mice. pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum and then each animal received EP at the injection sites with eight 40-ms pulses at voltages of 5, 10, 30, or 50 V. The penis was harvested and gene expression was measured by luciferase assay 3 days after injection. The luciferase activity of the no EP group was arbitrarily set equivalent to 1. The data are expressed as mean values (±standard deviation) for 5 animals per group. ^\*\*^p\<0.01 vs. no EP group. RLU, relative light unit.](kju-56-197-g001){#F1}

![Luciferase expression driven by pCMV-Luc with electroporation (EP) in the corpus cavernosum of normal mice. pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum and then each animal received EP at the injection sites with the following stimulation settings: eight 40-ms pulses, sixteen 40-ms pulses, eight 100-ms pulses, and sixteen 100-ms pulses at a voltage of 30 V. The penis was harvested and gene expression was measured by luciferase assay 3 days after injection. The luciferase activity of the eight 40-ms pulses group was arbitrarily set equivalent to 1. The data are expressed as mean values (±standard deviation) for 5 animals per group. ^\*\*^p\<0.01 vs. eight 40-ms pulses group; ^\*^p\<0.05 vs. eight 40-ms pulses group. RLU, relative light unit.](kju-56-197-g002){#F2}

![The gross appearance of penis of normal mice after electroporation (EP). pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum and then each animal received EP into injection sites with following stimulation settings: no EP (A); eight 40-ms pulses at a voltage of 20 (B); eight 40-ms pulses (D), sixteen 40-ms pulses (E), eight 100-ms pulses (F), and sixteen 100-ms pulses at a voltage of 30 (G); and eight 40-ms pulses at a voltage of 50 (C). Note area of electrical burn scar in the penis (arrows).](kju-56-197-g003){#F3}

![Hematoxylin-eosin (H&E) staining of penis of normal mice after electroporation (EP). pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum and then each animal received EP into injection sites with following stimulation settings: no EP (A); eight 40-ms pulses at voltages of 30 (B); and eight 40-ms pulses at voltages of 50 (C). Note area of extensive necrosis in the corpus cavernosum of mice that received EP at 50 V (arrow).](kju-56-197-g004){#F4}

![Luciferase expression driven by pCMV-Luc with electroporation (EP) in the corpus cavernosum of streptozotocin-induced diabetic mice. At 8 weeks after the induction of diabetes, pCMV-Luc (100 µg/40 µL) was injected into the midportion of the corpus cavernosum of diabetic mice or their age-matched controls. The animals then each received EP at the injection sites with eight 40-ms pulses at a voltage of 30 V. (A) The penis was harvested and gene expression was measured by luciferase assay 3 days after injection. The luciferase activity of the normal mice without EP was arbitrary set equivalent to 1. The data are expressed as mean values (±standard deviation) for 5 animals per group. ^\*\*^p\<0.01 vs. no EP group. (B) The gross appearance of the penis of diabetic mice after EP. RLU, relative light unit; DM, diabetes mellitus.](kju-56-197-g005){#F5}
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